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Abstract 
Silica activity plays an important role in controlling reaction paths and rates of serpentinization in the oceanic 
lithosphere. In this study, we conducted hydrothermal experiments on serpentinization in the olivine (Ol)-
orthopyroxene (Opx)-H2O system at 250 ˚C and vapor-saturated pressure (3.98 MPa). We used a tube-in-tube vessel 
with powders of Ol/Opx/Ol zones, and the extents of serpentinization and solution chemistry were analyzed in detail. 
The run time was up to 1512 hours. 
 The silica activity of the solutions decreased with time from 0.144 to 0.005 mmol/kg, whereas the Mg 
concentration and pH were nearly constant.  The experimental products were serpentine (mainly lizardite) ± 
magnetite, and neither talc nor brucite was found. The extent of serpentinization, measured by thermogravimetry and 
SEM-images, revealed that serpentinization was most extensive along the boundary between the Ol and Opx zones, 
and decreased gradually away from the boundary. This extent of serpentinization pattern is explained by the coupled 
processes of silica diffusion and surface reactions in both zones (silica-consuming reaction in the Ol zone and silica-
releasing reaction in the Opx zone). 
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1. Introduction 
 
Serpentinization proceeds via interaction between mantle peridotites and water within oceanic 
lithosphere, and plays a critical role on global water circulation in the Earth [1]. Silica activity is 
considered to be one of the key factors controlling reaction paths and rate of serpentinization [2, 3]. For 
example, in the MgO-SiO2-H2O system, the stable minerals change from brucite to serpentine to talc with 
increasing silica activity. Mantle peridotites are generally characterized by low silica activity, and thus 
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silica metasomatism occurs at the boundary with crustal rocks. In the ordinary peridotites far from the 
crustal rocks, a likely-silica source during serpentinization is orthopyroxene, and different alteration 
minerals and textures are observed around olivine and orthopyroxenes [3, 4]. 
Interactions between ultramafic rocks and water have been extensively investigated by hydrothermal 
experiments, focusing on the evolution of solution chemistry [5, 6] and conversion rate of solid samples 
[7-10]. Several studies have examined the progress of serpentinization with both olivine and 
orthopyroxene, and revealed that the incorporation of Opx enhances serpentinization reaction at higher 
temperatures than the Ol-H2O experiments [5, 7]. However, these previous studies analyzed “bulk” 
solutions or “bulk” solid samples, hence the detailed mass transport processes between olivine and 
orthopyroxene is not clear. In this study, we conducted hydrothermal experiments in the Ol-Opx-H2O 
experiments to clarify the role of diffusion of aqueous silica on the progress of serpentinization. 
2. Experimental 
Natural olivine (Fo91) and orthopyroxene (En92) were crushed, then sieved to 25–125 μm in size 
and washed for 10 minutes. We used tube-in-tube vessels for the experiments. The main stainless steel 
(SUS 316) reaction vessel has an internal diameter of 10.8 mm and a height of 100 mm (the capacity is 
8.8 cm3). In the main vessel, we set two inner tubes (SUS316) with diameters of 5.3 mm and heights of 
50 mm. In the inner tubes, an orthopyroxene zone (0.5 g) was sandwiched between olivine zones (0.5 g 
for each layer) (Fig. 1). The main reaction vessels contained a total of 3.0 g of mineral powder sample 
(1.5 g powder sample per inner tube), and 4.0 g of distilled water; the water/rock mass ratio and the 
water-filling ratio were therefore 1.33 and 0.50, respectively. The initial porosity of the mineral zones 
within the inner tube was ~0.5.  
The experimental P–T conditions for all experiments were 250 °C at a vapor saturated pressure of 
3.98 MPa. The run times were 168, 336, 672, 840, 1176, and 1512 h. It should be noted that the inner 
tubes were located under liquid water for the entire duration of the experiments, and that water was 
accessible from both the top and bottom margins of the inner tubes. 
 
 
 
Fig. 1 Schematic illustration of the inner tube in the reaction vessel.  
 
After the individual runs, the reaction vessel was cooled to room temperatures within 1 h, and the 
solution was taken from the vessel. The solution pH was measured immediately at room temperatures of 
~25 °C. The concentrations of Si, Mg, Ca, Fe, Al, Cr, and Ni were measured by inductively coupled 
plasma–mass spectrometry (ICP–MS; Perkin Elmer Tech, Elan DRC) at Tohoku University. One of the 
inner tubes was cut into five segments and samples were taken from each segment. The surface 
morphology was observed by scanning electron microscopy (SEM), and the extent of the serpentinization 
was measured by thermogravimetry (TG). Thin sections were made for the other inner tube, and the 
reaction textures were observed by optical microscopy and SEM. 
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3. Results 
Serpentine formed in both the olivine (Fig. 2a) and orthopyroxene zones (Fig. 2b). Serpentine is 
mostly lizardite with platy shape in both zones, and chrysotile was found only in the olivine zone. 
Magnetite occurs in the olivine zone, but not in the orthopyroxene zone. No other hydrous minerals, 
including brucite and talc, were found in the experimental products. 
 
Fig. 2. Backscattered electron images of the products after 1512 h in the (a) Ol zone and (b) Opx zone. Scale bar indicates 10 μm. 
Serpentinization proceeded with time for all segments, and the average TG loss (H2O content, wt%) 
reaches 1.05 wt% at 1512 h. The extent of serpentinization was not homogeneous within the inner tube, 
but showed a symmetrical pattern with respect to the center of the vessel. At 1512 h, the TG loss (H2O 
content, wt%) at the Ol/Opx contact zone was 1.46 wt% (segments 2, 4), that was higher than those of the 
Ol (segments 1, 5; TG loss = 0.92 wt%) and Opx zones (segment 3; TG loss = 0.79 wt%). 
The Si concentrations initially increase towards 0.144 mmol/kg at 168 h, and then decrease towards 
0.005 mmol/kg at 1512 h. The decrease in Si in the Ol–Opx–H2O experiments is similar to that found in 
the Ol–H2O experiments of our previous studies [9]. In contrast to Si, the Mg concentrations (0.13-0.48 
mmol/kg) and pH (7.7 – 8.1 at room temperature) were nearly constant during the entire experiments. 
 
4. Discussion 
Macdonald and Fyfe [11] suggested that the rate of serpentinization is controlled by the rate of fluid 
supply into the reaction front. In the case of our experiments, the preferential progress of serpentinization 
at both margins of the inner tube was not found, indicating that water supply was not the rate-determining 
process for the serpentinization reaction of this study, probably because of high porosity (~0.5). The 
systematic changes of the extent of the serpentinization with respect to the distance from the Ol/Opx 
boundary suggest an importance of mass transfer (especially silica) between the olivine and 
orthopyroxene zones. Therefore, likely reactions that proceeded within the olivine and orthopyroxene 
zones are as follows: 
 
3 Mg2SiO4 + SiO2,aq + 4H2O = 2 Mg3Si2O5(OH)4 (olivine zone) (1) 
Olivine + Silica + Water = Serpentine 
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3 MgSiO3 + 2H2O = Mg3Si2O5(OH)4 + SiO2,aq (orthopyroxene zone) (2) 
Orthopyroxene + Water = Serpentine + Silica 
 
Reaction 1 is silica-consuming and reaction 2 is silica-releasing. 
The development of a metasomatic banding between forsterite and quartz, with sequential zones of 
forsterite/serpentine/talc/quartz, has been modeled by coupled diffusion-reaction models [12, 13]. These 
models assume local equilibrium between fluid and minerals, and thus sharp boundaries between each of 
the mineral zones are expected. In contrast, our experimental results revealed that serpentinization 
proceeded pervasively at all regions of the tube, although it was most extensive at Ol/Opx boundary. Such 
observations indicate that the local equilibrium was not attained in our experiments and relative 
magnitude of surface reaction rates (reactions 1 and 2) and silica diffusion determine the overall pattern 
of the serpentinization. Our experiments may represent an analogue of hydrothermal alteration of the 
oceanic lithosphere with high porosities like fracture zones. 
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